A dynamic cutting force and vibration model of the microendmilling process that accounts for the dynamics of the microendmill, influences of the stable built-up-edge, and the effects of minimum chip thickness, elastic recovery, and the elastic-plastic nature in ploughing/rubbing has been developed. Experimental validation has been performed, and the model is shown to predict the cutting force and tool vibration within an average of 12%. Using the model developed, effects of the minimum chip thickness and elastic recovery on the cutting forces and vibrations as well as process stability of the micro-endmilling process have been examined. The results indicate that the large edge radius relative to the feedrate causes the process stability to be sensitive to feedrate, resulting in the low feedrate instability phenomenon. The elastic recovery significantly increases the peak-to-valley cutting forces and enlarges the unstable feedrate range.
Introduction
Miniaturization of consumer products and new challenging biomedical and aerospace applications have dramatically increased the need to fabricate complex features as small as a few microns in a diverse set of materials including stainless steel, titanium, brass, aluminum, platinum, ceramics, polymers, etc. The micro-endmilling process shows promise in producing these features. However, due to the limited stiffness of the micro-endmill and the specific nature of the cutting mechanisms at the micro-scale, dynamic vibration is a major issue affecting the process performance in terms of surface quality and tool life.
In micro-endmilling, the cutting edge radius of the endmill is comparable in size to the chip thickness. As a result, no chip is formed when the chip thickness is below the minimum chip thickness for the cutter edge radius-workpiece material pair as observed by Weule et al. [1] . Instead, part of the work material plastically deforms under the edge of the tool and the rest elastically recovers. This change in the chip formation process, known as minimum chip thickness effect and the associated material elastic recovery, causes increased cutting forces [2] and surface roughness [3] at low feedrates. Furthermore, when the chip actually forms during cutting with a finite edge radius tool, Manjunathaiah and Endres [4] suggested that the effective rake angle becomes highly negative. The presence of a stable built-up-edge, often referred to as dead metal cap, on edges with finite radius [5] can be attributed to this decrease in the effective rake angle as observed in [6] . When present, this dead metal cap acts as a part of the cutting edge and material separation occurs on the dead metal cap, and thus, it must be characterized and included in the cutting force model development. The chip formation forces in the presence of the stable built-up-edge have been modelled based on the slip-line plasticity by Waldorf et al. [7] but with a fixed size of the stable built-up-edge, resulting in constant ploughing forces regardless of the uncut chip thickness. However, the size of the dead metal under the tool depends on the chip thickness and the (effective) rake angle [6] and influences the magnitude of the ploughing forces.
Vogler et al. [2] made the first attempt at incorporating the effect of minimum chip thickness into the micro-endmilling force model. In their model, the cutting forces due to the two mechanisms -chip removal and ploughing/rubbing -were modelled separately to ac-count for the nonlinearity of the cutting force/chip load relationship. The model provided reasonably good prediction of the cutting force magnitude within the cutting condition range studied. However, they assumed a rigid system and ignored the influence of the structural vibration/deflection, which can be significant and comparable to the associated feedrates in micro-milling [8] . Also, it was assumed that only elastic deformation occurs in case of ploughing/rubbing when the chip thickness was less than the minimum chip thickness. However, observed irregularity on the machined surface due to the plastic side flow [9] and burr formation [1] seem to suggest that the tool workpiece interaction is more likely to be elastic-plastic in nature.
The effect of minimum chip thickness and elastic recovery makes the micro-endmilling process unique because the varying chip thickness causes frequent switchovers in cutting mechanisms from chip formation to ploughing/rubbing and vice versa. Therefore, in order to gain a better understanding of the dynamic behavior of the micro-endmilling process, this paper examines the influence of cutting mechanisms on forces, vibrations and stability. In particular, the force model development includes the influences of the dead metal cap, and the effects of minimum chip thickness, elastic recovery, and elastic-plastic nature of the ploughing/rubbing. Micromilling experiments are presented that validate the dynamic model in terms of the cutting force and tool vibration predictions. Single phase materials (ferrite and pearlite) are selected for validation in order to focus on the effect of cutting mechanisms without the effect of multi-phase workpiece microstructure, which was shown to be significant in [10] . Once validated, the model can be extended to incorporate the effect of multi-phase microstructure as given in [10] . Using the model developed, the characteristics of dynamic vibration under different feedrates are analyzed. The influence of the minimum chip thickness effect and the elastic recovery on the cutting forces and vibrations as well as process stability are investigated.
Dynamic Chip Thickness and Cutting Force Model
Chip Thickness Model. The overall material removal process in micro-endmilling when the edge radius is large relative to the feedrate is influenced by three types of material removal mechanisms during micro-machining. When the uncut chip thickness tc is smaller than a certain critical value tc e , only elastic deformation occurs in the workpiece material, i.e., the deformed material will fully recover to its original position. As tc increases beyond tc e , the deformation becomes mixed elastic-plastic. In this case, a constant percentage p e of the workpiece material undergoes elastic recovery as the tool passes. The other material undergoes plastic deformation. When tc increases to the minimum chip thickness, denoted as tc min , the deformed material is removed as a chip and the elastic recovery rate p e drops to 0. Thus, in micro-endmilling, where each flute goes through all of these material removal mechanisms in a single path, a comprehensive methodology to compute the dynamic chip thickness is required to include the influences of not only the process parameters and dynamic vibration but also the elastic recovery from the previous tooth paths.
Consider a micro-endmill of nominal radius of R as being composed of a finite number of axial slices. Figure 1 shows the surface generation and chip thickness computation in the presence of elastic recovery (represented as the shaded region) for an arbitrary axial slice. Because the computation of chip thickness requires the surface generated from the previous tooth pass, the initial surface is assumed to be circular and denoted as a set {S 0 }, which contains all the points on the surface. Let
) represent the tool center and the cutting edge location, respectively, for the tool pass 1 at rotational angle of θ i . The superscript denotes the tooth pass number and the subscript represents the rotational angle. At the next rotational angle θ i+1 , the tool center and the cutting edge locations are represented by
tively. The coordinates of the tool centers (C 1 i and C 1 i+1 ) and cutting edge locations (F 1 i and F 1 i+1 ) are determined from a trochoidal tooth path trajectory including the process geometry and dynamic vibration [11] .
The surface generation procedure is different depending on the following three cases: (1) The cutting edge is engaged at both F 1 i and F 1 i+1 -continuous cut; (2) The cutting edge is not engaged at
The cutting edge is engaged at F 1 i but not at F 1 i+1 -exit from the workpiece. The case 1 is shown in Fig. 1 and cases 2 and 3 in Fig. 2 . Note that cases 2 and 3 can also occur during excessive vibration or instability causing the tool to jump out of the workpiece. Since the vibration levels are large relative to the associated feedrates in micro-endmilling [8] , cases 2 and 3 more frequently occur due to excessive vibration than in conventional milling. Therefore, at every angular increment, depending on the case, the chip thickness and the generated surface points are found accordingly, and the surface set is updated with the newly generated surface points. For case 1 (Fig. 1 ), the point I 0 i is found at the intersection between the line C 1 i F 1 i and the previously generated surface from tooth pass 0, represented as the dash-dotted line. The point S 0 i is shown in Fig. 1 , which represents the surface point generated from the tooth pass 0 at the rotational angle θ i . The chip thickness is then defined as the length of the line I 0 i F 1 i . Due to elastic recovery, the surface 2 Copyright c 2004 by ASME 
Thus, S 1 i represents the surface point generated after the cutting edge is past F 1 i , and the thick solid line represents the updated surface at the rotational angle θ i , which now includes the points S 1 i and I 0 i . At the rotational angle θ i+1 , the intersection point and the elastically recovered surface point are represented by I 0 i+1 and S 1 i+1 , respectively, and the chip thickness is defined as the length of the line I 0 i+1 F 1 i+1 . The updated surface at the rotational angle θ i+1 is generated by connecting the points S 1 i , S 1 i+1 , and I 0 i+1 , as shown by the thick dashed line. For case 2, the intersection point I 0 i at the rotational angle θ i is now determined from the intersection between F 1 i F 1 i+1 and the surface generated from tooth pass 0. Since the cutting edge is not engaged at F 1 i , the surface set is not updated at the rotational angle θ i . At the rotational angle θ i+1 , the surface set is updated by connecting the points I 0 i , S 1 i+1 , and I 0 i+1 shown as the the thick dashed line in Fig. 2(a) . For case 3, the chip thickness at the rotational angle θ i is determined as the length of the line I 0 i F 1 i , and the updated surface is shown as the thick solid line in Fig. 2(b) . At the rotational angle θ i+1 , the updated surface is determined by connecting the points S 1 i and I 0 i+1 . After the tooth pass 1, the updated surface set is used to compute the chip thickness for the next tooth pass.
Therefore, the chip thickness at the rotational angle θ i and the tooth pass p is found from 
Cutting Force Model. Given the chip thickness tc for each engaged cutting flute element, the differential cutting forces are computed by assuming an orthogonal cutting process. Due to the tool edge radius and the existence of the minimum chip thickness, there are two separate mechanisms leading to forces in micro-endmilling -(Case I) cutting with chip formation and (Case II) ploughing/rubbing without chip formation. Since the dead metal cap is observed in rolling of metals [12] , which is similar to the ploughing mechanism, the dead metal cap is assumed to be present for both cases. Case I: When the chip forms, a new slip-line field model, which accounts for the dead metal cap size variation with respect to the effective rake angle, is proposed and shown in Fig. 3 . The formation of the dead metal cap is based on the following assumptions: (1) As soon as the tool enters the workpiece, the material near the cutting edge tends to flow in the direction at the same angle as the effective rake angle (α e ), and thus, the front face AD of the dead metal cap is formed parallel to the line at the effective rake angle; (2) In order to allow easy flow of material, the faces of the dead metal cap are formed tangent to the tool edge.
Fang [13] developed a comprehensive slip-line model for cutting with a rounded-edge tool but without the presence of the dead metal cap. The model proposed in this paper is similar to Fang's model but includes the influence of the dead metal cap, which is shown in Fig. 3 as the shaded area with point A at the point of material separation. ED is a type I slip line inclined at an angle of the traditional shear angle. The slip lines above this line need to be curved because of natural curvature of the chip. However, since the slip lines above ED do not directly affect the forces, they are not included in Fig. 3 . Due to friction on AC and AD, the slip lines meet the surfaces at angles η 1 and η 2 , respectively. The fan field angles near the dead metal cap are now dependent on the effective rake angle and found as
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, ρ is the prow angle, and η 1 and η 2 are the angles defined by the friction factors along the faces AC and AD, respectively. Following the similar procedures given in [7] , the shearing forces in the cutting and thrust directions are determined as dF sc = kw (cos φ + a θ sin φ)l s + (cos(2η 2 ) sin α e + a 2 cos α e )l b dF st = kw (a θ cos φ − sin φ)l s + (cos(2η 2 ) cos α e − a 2 sin α e )l b , (5) where a θ = 1 + 2θ, a 2 = (1 + 2θ + 2δ + sin(2η 2 )), θ = π/4 − ρ − φ, w is the width of cut, k is the material shear flow stress, and l s and l b are the lengths of DE and AD, respectively. The lengths l s and l b are given as
where
The ploughing forces are generated due to the indentation of the face AC into the workpiece material. Thus the ploughing force can be calculated from the stresses acting on the face AC as
where a 1 = 1 + 2θ + 2δ + 2γ + sin(2η 1 ). The total cutting and thrust forces can then be found as the sum of the shearing and ploughing components as Case II: The slip-line field model when the chip thickness is less than the minimum chip thickness and its associated hodograph are shown in Fig. 4 . Since no chip formation is involved and all the material must be ploughed and flow under the tool, the direction of the material flow beneath the tool (along AC) is assumed to be parallel to the cutting direction, i.e., ψ = 0. Since material separation does not occur, the size of the dead metal cap is likely to be not significantly affected by material flow and thus assumed to be constant and dependent on the effective rake angle at the minimum chip thickness. The material in front of the tool is raised by the angle ρ p and is likely to make contact with the tool at a point (F) higher than the front face of the dead metal cap, and the material is assumed to flow along the line AF. The elastically recovered material at the height κtc is pressed by the clearance face along CG. Thus, an additional slip line field on the clearance face is added to the model.
The height of the point F can be represented by ξtc similar to the tool-chip contact length because it is likely that F becomes the tool-chip contact point if the chip starts to form. The value of ξ generally lies between 1 and 2. The line AF is at an angle α p from the vertical line and is given by
where l b can be obtained from Eqn. (7) with ψ = 0. The length l p of the line AF is expressed as
The fan field angles near the dead metal cap are found as
On the clearance face, the length of the line CG, l e , is given as
where ψ e is determined from 
where γ c is the clearance angle. The fan field angle on the clearance face is expressed as 
where e 0 = 1 + 2δ r + sin(2η 0 ), e 1 = 1 + 2δ p + 2γ p + sin(2η 1 ), and The computed differential cutting and thrust forces are vectorially summed among all the engaged axial slices over all cutting flutes to obtain the total forces in the global workpiece coordinate system. The micro-endmilling process is modelled as a closed-loop system defined by the cutting process and machine tool structural dynamics in the same manner as for conventional milling process [14] . In micro-endmilling, the ratio of axial depth of cut to the projection length is usually very small and the displacement variation along the axial direction at the interface between the tool and the workpiece can be ignored, so the dynamic vibration of the tool and workpiece are modelled as a multi-degree-of-freedom system in the cutting plane.
Experimentation and Model Validation
Experimental Design and Parameter Estimation. In order to validate the proposed model, end milling tests were performed with 508 µm diameter, 2 µm edge radius, 30 o helix angle and 10 o clearance angle endmills over a range of feedrates from 0.25 to 3 µm/flute. Single phase ferrite and pearlite were selected as workpiece materials. 10 mm long, full slot endmilling cuts were performed with the conditions listed in Table 1 .
In order to implement the proposed material removal mechanisms into the dynamic model, the parameters used to characterize 
The effective rake angle is estimated as given in [2] , and the prow angle (ρ) and the friction factors (η 0 , η 1 , and η 2 ) for the dead metal cap are assumed to be 10 o and 0.95, respectively [2] . For the slip-line field model for ploughing, the value of ξ was chosen to be 1.5 [2] . The angle ρ p must be greater than zero, and it is upper bounded by chip formation, i.e., a chip starts to occur if ρ p is increased to a certain threshold (< 45 o ). Since ρ p becomes the prow angle ρ when chip forms, the same value 10 o is used for the angle ρ p .
A simplified criteria proposed by Johnson [12] for quasi-static indentation was used to obtain the tc e . The ratio of tc e to the cutting edge radius r e for metals was computed as tc e r e = 1 2
where E is Young's modulus and σ is the yield strength of the material. The elastic recovery rate p e for the mixed elastic-plastic deformation was determined using the results from Jardret et al. [16] who quantified elastic recovery for a wide range of material with instrumented scratch testing. A linear model was established between p e and the rheological factor X based on the data provided in [16] , viz.,
The rheological factor X and the mechanical properties (E, σ) used in the computation for ferrite and pearlite are also listed in Table 2 .
Experimental Setup. The setup used in the model validation experiments is shown in Fig. 5 . The machine tool used is a microendmilling machine tool testbed developed in UIUC [17] . This testbed contains an air turbine spindle capable of speed up to 5 Copyright c 2004 by ASME 20 mN) . A Lion Precision C-1A capacitance sensor with 500 µm range, 0.1 µm resolution and 17kHz bandwidth was used to estimate the spindle run-out and measure tool vibration normal to the feed direction. These vibrations will have a major impact on the side wall surface generation. All signals were sampled at frequency of 24kHz. Fig. 6 showed an example of the sampled cutting forces. The spindle-runout was found to be around 0.5 µm. The workpiece was assumed to be rigid. The dynamic properties of the micro-endmill were estimated using FEM analysis. The modal parameters for the first bending mode of the tool in both X and Y directions were estimated to be: ω n = 10.4 kHz, and k = 1.6 × 10 6 N/m, where ω n is the natural frequency and k is the stiffness. The damping ratio ζ is assumed to be 0.05.
The measured tool displacement included the component due to the dynamic vibration and the component due to the spindle run-out. The latter was removed from the total displacement by subtracting the cutting data from the non-cutting data with proper synchronization. Furthermore, since the measurements were performed at the tool shank, they were extrapolated to the tool tip with a scaling factor associated with the first bending mode of the tool.
Model Validation. Peak-to-valley values of the predicted and measured cutting forces and tool vibrations in the normal to the feed (Y) direction for both ferrite and pearlite were averaged over ten revolutions and were plotted in Fig. 7 . Overall, the model is shown to accurately predict the peak-to-valley values of the cutting force and tool vibration. The average percentage error for peak-to-valley force was computed to be 12% and 7% for ferrite and pearlite, respectively. The average percentage errors for tool vibration magnitude were found to be 6% and 12% for ferrite and pearlite, respectively. The peak-to-valley forces for ferrite are very similar to those of much harder pearlite because the ploughing due to the edge radius is more significant with the more ductile ferrite. Copyright c 2004 by ASME
Effects of Tool Vibration and Elastic Recovery on the Peak-toValley
Cutting Forces. Figure 8 shows predicted peak-to-valley Y force for machining pearlite in the presence of 0.5 µm spindle runout with five models: the static model developed by Vogler et al. that assumes full elastic recovery, the same static model but without considering elastic recovery, the dynamic model developed here with 31% and 90% elastic recovery and the same dynamic model but without considering elastic recovery. From examining the difference between the predictions from dynamic models and static models, it is found that the tool vibration will increase the chip load and result in significantly increased cutting forces. The dynamic forces are 25-50% higher over the broad range of feedrates examined. The effect of the elastic recovery is found to have a significant effect on force magnitude at low feedrate because the process is dominated by the elastic-plastic deformation at low feedrate. At the lowest feedrate (0.25 µm/flute), the difference between the static model with no elastic recovery (e.g., conventional end milling) and the dynamic model with 90% elastic recovery is a factor of 3. 
Minimum Chip Thickness Effect on Vibration Level and Process
Stability. As a result of minimum chip thickness effect, the relationship between the cutting force and the chip load is highly nonlinear, which makes the dynamic behavior of the micro-endmilling process strongly dependent on the feedrate. Figure 9 shows the chip load and force relationship that is used to compute the differential forces along each axial slice of the micro-endmill when machining ferrite and pearlite using a 2 µm edge radius tool. First, as seen in Fig. 9 , the rate of increase for both the cutting force (corresponding to tangential force in milling) and the thrust force (corresponding to radial force in milling) is much higher for ploughing/rubbing (when the chip thickness is smaller than minimum chip thickness value) than the chip formation process (when the chip thickness value is larger than the minimum chip thickness). Further, there is an abrupt thrust force change at the minimum chip thickness (0.4 and 0.7 µm for pearlite and ferrite, respectively) due to the transition between the ploughing and shearing cutting mechanisms as observed experimentally by Kim et al. [18] . In order to reveal the influence of the minimum chip thickness effect, simulations are performed for a full-immersion cut assuming 0.05 µm spindle runout (spindle runout lower than 0.05 µm can now be achieved in high precision micro-machining) and 2 µm tool edge radius with 50 µm of depth of cut, 84,000 rpm, and feedrates from 0.05 to 3 µm/flute. Figure 10 shows the tool vibration histories and the frequency spectra (at the steady state) for machining pearlite at different feedrates. It is clearly seen that as feedrate increases from 0.2 to 0.4 µm/flute, the vibration level dramatically increases and the frequency spectrum contains significant energy at tool's natural frequency f n of 10.4 kHz, indicating an unstable cut. On the other hand, as the feedrate increases from 1.2 to 1.6 µm/flute, the vibration level decreases and the frequency spectrum becomes dominated by the tooth passing frequency f t of 2.8kHz, suggesting the process changes from unstable back to stable.
The boundaries of the unstable feedrate range can be determined from the feedrate trend of the peak-to-valley cutting forces and tool vibrations as shown in Figs. 11 and 12 . The lower bound is found as the feedrate at which the peak-to-valley cutting force and tool vibration start to increase dramatically and the upper bound is the feedrate at which the peak-to-valley cutting force and tool vibration have decreased to minimum before slowly increasing (dashed line in Figs. 11 and 12 ). It is found that process instability continues from a feedrate well below the minimum chip thickness value (0.7 and 0.4 µm for ferrite and pearlite with 2 µm edge radius tool) to a feedrate 2-4 times of the minimum chip thickness. This feedratedependent instability is attributed to the specific nature of the chip load and force relationship as shown earlier in Fig. 9 . When machining within the unstable feedrate range, the rapidly increasing thrust force due to ploughing tends to push the tool off the workpiece and cause instability. Further, due to the tooth path, the dynamic vibration and the elastic recovery, the chip load of each flute continuously varies from entry to exit (see Fig. 2 ), which could cause frequent transitions between ploughing/rubbing and chip formation. The abrupt change in the thrust forces at the transitions contains a wide band of excitation frequencies that may excite one or more structural modes and cause instability. The unstable feedrate range is also influenced by other process parameters, especially axial depth of cut (ADOC). Figure 13 shows the feedrate trend of peak-to-valley tool vibrations with varying ADOC when machining pearlite with 2 µm edge radius tool, assuming 0.05 µm spindle runout. It is seen that as the ADOC increases, the unstable feedrate range increases. This is because the increased ADOC results in increased cutting forces and tool vibrations so that the process is more susceptible to instability. The phenomenon of low feedrate instability has also been verified in validation experiments. Figure 14 shows the experimental tool vibration in the normal to the feed direction and associated normalized power spectra when machining pearlite at feedrates of 0.5 and 3.0 µm/flute. The spectrum at the low feedrate (0.5 µm/flute) contains a peak at the tool's natural frequency of around 10kHz, which is asynchronous from the tooth passing frequency, indicating the likelihood of an unstable cut. This peak disappears from the spectrum at the high feedrate of 3.0 µm/flute, which indicates a stable cut. The stable cut at 3.0 µm/flute has also been well predicted by the simulation as shown earlier in Fig. 7(b) , where the peak-tovalley forces and tool vibrations decrease as the feedrate increases from 2.5 to 3.0 µm/flute.
Effect of Elastic Recovery on Process Stability.
For some applications, an extremely small diameter tool, e.g., less than 50 µm, is needed. To avoid tool breakage, both small ADOC and feedrate are required to generate forces and vibrations as small as possible. The elastic recovery will significantly affect the process performance in such applications. Figure 15 compares the tool vibrations with and without considering the elastic recovery effect when machining pearlite at 10 µm ADOC with 50 µm diameter and 2 µm edge radius micro-endmill assuming no spindle runout. The tool vibration histories clearly show a stable cut at a feedrate of 0.25 µm/flute and a developing chatter at a feedrate of 0.35 µm/flute when considering 31% of elastic recovery. However, the simulated results from the model without considering elastic recovery indicate that the process 8 Copyright c 2004 by ASME is stable at a feedrate of 0.35 µm/flute and that chatter is about to occur at a feedrate of 0.4 µm/flute. Furthermore, the predicted tool vibration magnitude at feedrate of 0.4 µm/flute is about one-quarter of that predicted by the model considering the elastic recovery effect. However, once a feedrate of 0.8 µm/flute is reached, the effect of the elastic recovery on the tool vibration becomes negligible.
To reveal the mechanism of the increased instability at the low feedrate range due to the elastic recovery, Fig. 16 compares the power spectra of the tool vibrations with and without considering elastic recovery at feedrates of 0.35 and 0.8 µm/flute (from Fig. 15 ), respectively. When machining at feedrate of 0.35 µm/flute, which is slightly smaller than the minimum chip thickness of 0.4 µm, the chip is formed every other tooth pass if there exists 31% elastic recovery. The process of a chip being formed every other pass causes periodical transition between chip formation and ploughing/rubbing and is reflected as a peak at one-half of the tooth passing frequency ( f t /2) in the power spectrum for a feedrate of 0.35 µm/flute. This discontinuity caused by the transition also excites the structural mode at the tool's natural frequency ( f n ). However, if there is no elastic recovery, the chip will never be formed (continued ploughing) and there will be no cutting mechanism transition and the process stays stable. At the 0.8 µm/flute feedrate, the process is dominated by chip formation process and is stable. The effect of the elastic recovery is negligible.
Conclusions
Based on the micro-milling modelling and experimentation presented in this paper, the following conclusions can be drawn:
1. A dynamic model has been developed for micro-milling that includes the influence of the specific cutting mechanisms due to the finite edge radius, particularly, the influence of the dead metal cap (stable built-up-edge), the effects of minimum chip thickness and elastic recovery and the elastic-plastic nature in ploughing/rubbing process. 2. The model has been validated for cutting force and tool vibration over a range of feedrates. The model is shown to predict the cutting forces and tool vibrations within an average of 12%. 3. There exists a range of unstable feedrates around the minimum chip thickness that is attributed to the highly nonlinear nature of the chip-load and force relationship due to the finite edge radius. 4. As the axial depth of cut increases, the unstable feedrate range increases.
